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Abstract Textile industries are considered as one of the major contributors for water
pollution. Textile wastewater primarily contains organic dye molecules along with
heavy metal ions and some polymeric waste material which causes adverse effects
on aquatic system and human health. Insufficient and incomplete treatment of textile
wastewater is a major concern especially when it is discharged directly into the water
bodies. Removal of dye molecules from wastewater has been addressed by several
researchers using various physical, chemical, and biological processes. This chapter
highlights applications and challenges with conventional and advanced treatment
processes. Advanced oxidation process using various combinations of oxidants and
energy sources has emerged as a significant technique. Applications of nanomaterials
and polymers have also been explored significantly for the degradation of pollutants
present in textile wastewater. Integration of suitable technologies is proposed to
achieve complete degradation of pollutants discharged in textile wastewater.

1 Introduction

India is one of the largest producers and exporters of textiles and garments in the
world. In India, the textile industry plays a significant role towards the economic
growth of the country and offers mutual exchange of technology between the coun-
tries. In addition to these benefits, the textile industry is also considered to be highly
polluting industry and leading consumer of water [1]. The textile waste is inevitable
outcome of industrialization. It uses more than 200 L of water/kg of textile product
along with numerous other chemicals and discharge huge amount of wastewater to
water bodies [2]. It is estimated that about 3 x 10° L of wastewater is reproduced
after processing about 20,000 kg of textiles per day. India is not the only country to
face challenges in addressing the issues of textile wastewater management. China
produces approximately 170 million tons of municipal solid wastes annually where
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the contribution of textile waste is 10-15% [3]. According to US EPA, the contri-
bution of textile waste is 9-10% in the total municipal solid waste generated in the
United States [4].

In addition to textile industry, other industries such as pharmaceutical, leather,
and plastic industry also discharge approximately 50,000 tons of organic dyes every
year into water bodies [5]. Textile wastewater includes (a) suspended solid material,
(b) mineral oils, (c) surfactants, (d) Phenols and resins, (e) halogenated organics
produced, (f) dyes and polymeric substances, and (g) heavy metals such as lead,
mercury, chromium, copper, and zinc. The heavy metals have tendency to accumulate
in the biological tissues and are not easily degradable [6]. The disposal of these waste
generates serious governance issues, thus there is aneed to recycle them in sustainable
manner [7].

Ithas been reported that processing of polyester and cotton requires approximately
100-350 kg of water per kg of fabric which contribute up to 80% total wastewater
load [8]. Dyeing and finishing processes utilize large quantities of chemicals and
release complex organic compounds and heavy metals to wastewater thus poses
major threats [9]. In the wet processing of textile fibers, after dyeing the fibers are
repeatedly rinsed, and treated with numerous surfactants, salts, recalcitrant and toxic
chemicals which eventually discharged in water bodies [10].

In the dyeing process, the usage of reactive dyes is increasing exponentially due
to high demand of bright colored fabric. These reactive dyes contain various reactive
groups such as halotriazine, sulfone, pyrimidine, and dichloro-fluoropyrimidine [11].
These dyes are generally used to dye cotton fabric however their fixation rate is about
60-90% only. Thus, unfixed residual is discharged as the textile effluent along with
other alkali, acids, organic dyes, and heavy metals [12]. The synthetic cationic and
anionic dyes such as methylene blue, methyl orange, and rhodamine B are also not
degraded easily thus adversely affect soft tissues and cause genetic changes [13].
Prolonged exposure to these toxicants leads to nervous system disorders, thyroid
dysfunction, and may result as lethal as well [14]. In addition, due to the presence of
various dyes and heavy metals, it is highly carcinogenic in nature and causes severe
adverse effects [15].

Textile wastewater contains a wide range of organic pollutants with different
chromophores and auxochromes (Fig. 1). Therefore, it is not possible to treat a
wide range of pollutants ranging from nanoparticles to polymers, metallic to non-
metallic, and organic to inorganic using single treatment methodology. In addition,
textile wastewater has highly fluctuating pH, with high chemical oxygen demand,
biological oxygen demand, and suspended solids.

Thus, it is imperative to design and adopt a sustainable and eco-friendly model
of textile industry which reduces and overcomes all challenges of waste minimiza-
tion and disposal [16]. It is needed to design effective techniques to understand
the pathways of pollutant degradation and formation of intermediates or products.
The methodologies should not only meet international standards, but also be able
to protect the biodiversity and to ensure the availability of pure water for future
generations. The Textile and Apparel industry in India contributes to 14% of total
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Fig. 1 List of few major chromophores and auxochromes present in textile dyes

industrial production, 4% of gross domestic product, and 15% of total export earn-
ings (Textile Ministry, Make in India, TechSci Research, 2017). There are various
treatments available for treating textile wastewater such as adsorption, photochem-
ical oxidation, catalytic oxidation, flocculation, coagulation, and membrane filtra-
tion; however, these methods are compromised with certain limitation (Table 1). The
major problem is sludge generation in large quantities which further needs to be
treated thereby increasing the cost of treatment process [17].

Table 1 Methods available

: S. No Method(s) Major limitation
for the treatment of textile
wastewater and their 1 Flocculation, Fenton Sludge production
limitations oxidation
Membrane filtration Sludge disposal
Adsorption, Disposal of concentrated
phytoremediation pollutants
Bioremediation Restricted bacterial growth
5 Photochemical Generation of by-products
oxidation
6 Ton exchange Can be used for specific
dyes only
7 Electrochemical Expensive
oxidation
8 Electrolytic Need long contact time
precipitation
9 Ozonation Short life span
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This chapter will focus upon discharge of heavy metals and polymeric fibers in
textile effluent and their possible remediation. The chapter will also address modifica-
tions in the conventional methods and advanced technologies to address the removal
of various organic and inorganic pollutants from textile wastewater.

2 Heavy Metals in Textile Effluent

Textile effluents are rich in organic and inorganic contents along with heavy metals
and other toxicants. Heavy metal discharge to water bodies is of serious concern as
they are nonbiodegradable in the environment [15]. Among all heavy metals lead,
copper, cadmium, chromium, zinc, and manganese are widely used for the production
of textile dyes and other materials in the dyeing process [18].

Several researchers have investigated the concentration of heavy metals in textile
discharge and emphasized their adverse effects on aquatic system and living organ-
isms [19]. Chromium pollution by textile industries is highly prevalent, as chromium
is one of the main elements of metal-based dyes in textile industries [20]. Few essen-
tial metals such as iron, copper, zinc, and manganese are required in minute quantities
to maintain normal cellular growth and functioning, however, excess quantity beyond
permissible limit impose adverse effects on human health.

Direct and indirect discharge of heavy metals into the environment causes envi-
ronmental pollution at various levels and poses threat to aquatic and human lives
on prolonged exposure [21]. To propose possible solutions for the remediations
of heavy metals it is needed to have complete understanding of their permissible
limit, toxicological profile, biotransformation, and distribution in abiotic and biotic
environment. Heavy metals are known to cause disturbances in neurological func-
tion, neurotoxicity, hepatotoxicity and nephrotoxicity in humans and animals, bone
degeneration, damage to soft tissues, impaired heme synthesis, carcinoma to multiple
organs eventually lead to cellular death [22, 23]. In addition, heavy metals also inhibit
microbial growth, their activities and various biological processes such as nitrogen
fixation, decomposition of organic matter in soil. Lead and chromium possess the
ability to generate reactive radicals, which cause oxidative imbalance, resulting to
cellular and DNA damage [24]. These metals also bioaccumulate in aquatic plants
and animals and further enter to ecological cycle [25]. The heavy metals possess
electron-sharing affinities and form covalent bond with sulfhydryl groups of proteins
thereby inhibiting activity of antioxidant enzymes. Studies associated with the assess-
ment of occupational exposure to textile wastewater have reported increased risk of
hepatic, renal, and cardiovascular disorders [26]. Utilization of textile waste water
for irrigation leads to accumulation of various heavy metals in crops which further
enters to food chain undergoes biomagnification [27]. Thus, the toxins and pollu-
tants discharged in water bodies by industries persist in the environment and decrease
the quality of life. This necessitates the requirement of effective techniques for the
removal of toxicants from industrial effluents prior to their discharge into water
bodies.
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3 Microplastic Pollution by Textile Effluent

Textile industry was earlier considered to release only dye containing wastewater
along with some other organic and inorganic pollutants. However, in the recent past,
it has been studied that it has also contributed significantly towards microplastic
and polymeric pollution. During finishing process of textile, some urea-based resins
such urea—formaldehyde, dimethylol ethylene urea are used for imparting anti-
crease finish to final product which ultimately discharge formaldehyde to wastew-
ater. Formaldehyde blocks respiratory tracts and causes serious respiratory ailments.
Copolymers of acrylic acid such as acrylate and methacrylate containing free
carboxyl groups are also released into water bodies which are resistant to biological
attack. Plastic particles smaller than 5 mm in length are referred to as microplastics
[28]. It has become a growing concern in recent years owing to its small size [29].
In order to propose effective solution for microplastics, it is imperative to evaluate
possible sources of its pollution. These particles have derived from a wide range of
industries such as polymer, personal care products, textile, and processing industries
[30].

In 2016, textile washing processes generated approximately 5.4 million tons of
synthetic fibers worldwide [31]. Among various types of microplastic, synthetic
fibers are of most dominant type detected in water, sediments, and living organisms
[32]. Over 90% of microplastics reaches global coastal environments via synthetic
fibers [33]. Industrial and domestic textile laundry is considered as major sources
of synthetic fibers, however, till date there are not many reports highlighting the
impact of textile industries towards microplastic pollution. At industrial scale produc-
tion of textile, fiber requires large amount of water which ultimately discharge into
water bodies. The wastewater discharged by textile industries contains various toxic
compounds, such as phenols, thiazoles, and phthalates, thus, considered as a primary
source of water pollution source [34].

It has been estimated that a household washing machines release thousands of
synthetic fibers after every wash cycle [35] and due to release of textile wastewater it
adds approximately 160,000,000 microplastic particles per day to water bodies [36].
In wastewater treatment plants these particles undergo stress force, and mechanical
mixing which further decreases their particle size and acts as carrier for various
contaminates to food chain [37, 38].

Microplastics have been classified into five categories on the basis of their shape
as films, fragments, fibers, foam, and pellets [39]. Among all the categories, the most
harmful is microfiber due to its size specification. Usually, the length of this fiber
ranges between 100 pm and 5 mm and width nearly 1.5 orders of magnitude shorter
in comparison to length [40]. Various toxic chemicals such as heavy metals, organic
dyes, poly aromatic hydrocarbons, and polychlorinated biphenyl are adsorbed over
these fibers and easily enter food chain. Due to small size, they are easily ingested
by aquatic animals and cause deleterious effects [41]. In Textile industries, a well-
defined wastewater treatment plant removes various organic and inorganic impurities;
however, the current available technologies retain major part of microplastics which
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are being continuously discharged to the water bodies. According to some reports,
majorities of microfibers are removed in treatment stage before the aeration process
only still a large amount enters the aquatic system because the quality of wastew-
ater discharged to water bodies is very high [42]. Bioavailability of microfibers
largely depends upon their shape and size therefore their accumulation is different
in comparison to chemical pollutants.

In the last one-year, COVID-19 pandemic has created havoc worldwide and World
Health Organization prescribed mandatory usage of face masks as one of the safety
measures to prevent spread of in human beings. Thus, the usage of face masks and
other accessories such as gloves, face shields, protective shoes, and suits increased
thereby their manufacturing as well. All these materials are manufactured with
various synthetic polymeric materials such as nylon, polyester, and copolymer of
polyether—polyurea [43]. Thus, these types of textile industries have also contributed
significantly to the polymeric pollution [44].

4 Advanced Oxidation Process (AOP) for Removal
of Heavy Metals and Organic Compounds

Advanced Oxidation process is defined as a chemical treatment process for the
removal of organic pollutants from wastewater by oxidation process using gener-
ation of highly reactive hydroxyl radical (OH"). If industrial wastewater contains
nondegradable organic and inorganic compounds such as various dyes, polymeric
substance, heavy metals, and their compounds, it is difficult to remove those pollu-
tants by simple chemical or biological methods. Conventional oxidation techniques
are not able to completely oxidize complex structure of organic compounds as they
are resistant to oxidation. To efficiently remove such complex organic compounds
from water bodies, more aggressive treatment methods are needed [45]. At high
temperature the rate of oxidative degradation is limited owing to lesser availability
of oxygen while at low temperature, though the availability of oxygen remains high
however, degradation rate remains less due to limited activity of microorganisms.
In addition, reducing chemicals discharged in wastewater also absorbs dissolved
oxygen thereby retarding process of pollutant degradation. Thus, if there is sufficient
supply of oxygen in terms of oxidizing radicals, it would help to enhance degradation
of pollutants.

4.1 Fenton’s Reagent

AOP is one of the most promising techniques to degrade organic pollutant from
wastewater. In this method, highly reactive hydroxyl radical (OH") are generated by
using primary oxidants either O, or H,O, (Fig. 2).
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‘ OH' + OH +Fe" ’

Fig. 2 Generation of hydroxyl free radical by advanced oxidation process using iron (Fe) and
other primary oxidants. (Abbreviations used: HyOp—hydrogen peroxide; Fe®—zero valent iron;
OH —hydroxyl radical; OH~™—hydroxyl ion)

In this process, all organic compounds are degraded to carbon dioxide (CO,), H, O,
and inorganic salts [46]. This technique can remove persistent organic pollutants such
as textile dyes, pharmaceuticals, polymeric substances, microplastics and serves as an
effective treatment step in water purification or final stage before water discharge to
water bodies [47]. Hydroxyl radical is highly reactive towards oxidative degradation,
however, the major drawback is its non-selectivity. Along with the targeted molecules,
it reacts with many other nontarget compounds present in the water matrix. Thus,
demand of OH’ increases to complete the process of degradation.

On the basis of generation of OH' Radical, the process can be defined as homoge-
neous and heterogeneous (Fig. 3). Homogeneous process requires chemical reagents

¢

Homogeneous Heterogeneous
Hydroxyl radicals are Hydroxyl radicals are
generated by Primary generated by Energy

oxidants Source
e Ozone * UV Light
* Oxygen ® Photocatalyst (Metal
® Hydrogen Peroxide Salts)

Fig. 3 Types of advanced oxidation process (AOP) on the basis of generation of hydroxyl free
radicals
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(05, O3, H,0,) while heterogeneous process works with energy sources such as UV
light source or photocatalyst.

Fe’™ + H,0, — Fe*™ + HO' + HO~ (Homogeneous Fenton) (1)
Fe’* + H,0, + hv — Fe’™ + H" 4 HO, (Photo Fenton reaction) 2)

H,0; + hv — 2HO" (Photo-peroxidation) 3

Homogeneous Fenton and Photo-Fenton processes have few limitations as [48]:

e These reactions operate at pH less than 3 when Fe exist in soluble form

e Concentration of reagents need to be maintained optimum to avoid scavenger
effects

e Sludge is produced as by-product thus disposal needs to be maintained

e As Fe salts are used for the supply of Fe thus, in the treated water Fe remains is
present in traces which may adversely affect soft tissues

e Textile wastewater contains acidic radicals such as chloride (C17), sulfate (SO4~2),
phosphates (PO4~?), which may react with OH" and decrease the efficiency of the
oxidation process.

Fenton’s reagents (H,O, and Fe?*) and ozone (O3) under AOP have been used
extensively to treat textile wastewater to achieve the best results. Fenton’s oxidation
was used to degrade various reactive dyes such as Remazol Yellow, Remazol Black
5, Remazol Blue and Remazol Red, and was found significantly effective in their
decolorization (>99%) [49]. This process is also effective for the degradation of
aromatic amines as well under acidic conditions. This oxidation process can be used
to reduce the organic matter present in textile effluent. In this process, concentration
of H,O, serves as a limiting factor, i.e., higher concentration of H,O, produces
more OH' radical; however, increasing H,O, concentration above a certain level
may further reduce the rate of oxidation due to self-decomposition and generation
of less reactive free radical [50].

Self-decomposition: H,O, — O, + H,0 4)

Generation of less reactive free radicals: H,O, + Fe*™ — OH, 5)

In addition, excess of H,O, may react with OH' radical and compete with the
degradation and reducing the efficiency of treatment process [51].
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4.2 Ozone (03)

Ozone is a potent oxidizing agent known for treating wastewater. Ozone gets easily
dissolved in water and oxidize organic compounds and pollutants in two different
ways:

e Direct oxidation as molecular ozone
e Indirect oxidation via formation of secondary oxidants like OH'.

Ozone due to its strong oxidizing property and high oxidizing potential (2.07)
has been used for wastewater treatment since 1970s [52]. Germicidal efficacy of
ozone is 100 times in comparison to hypo chloric acid disinfection property is 3,125
times faster. Ozone due to its highly unstable nature should always be generated
on site. Oxidation potential of O3 is —2.07 V which is greater than that of other
potent oxidizing agents such as hypochlorite acid (—1.49 V) and chlorine (—1.26 V)
(Table 2). With the help of ozone treatment, many nonbiodegradable products can
also be decomposed. The challenges in using ozone treatment are the limited life span
which is 20 min in water, and its reduction in the alkaline water [53]. Ozone function in
two ways (a) a powerful disinfecting agent (b) a strong oxidizing agent and eliminate
color, odor, and toxic organic compounds [54]. Ozone has been reported to decolorize
all dyes, except insoluble vat and disperse dyes because these dyes have slow reaction
rate which becomes a limiting factor in the reaction [55]. Decomposition of ozone
produces free radical OH, and OH" which oxidizes various organic and inorganic
impurities such as heavy metals and their salts, organic matter, and biological matter.

Ozone reacts via three specific reactions for the oxidation of organic molecules
and polymeric substances: electrophilic addition of ozone to the Carbon—Carbon
double bond: Ozone readily adds on to aliphatic unsaturated compounds, such as
olefin and causes the oxidative cleaving of the alkene or alkyne.

Ozonolysis: Ozone gives addition reaction with alkenes to form ozonide. The
reaction takes place in non-aqueous solvents, as presence of traces of water as well
will hydrolyze ozone to other products before the reaction.

Table 2 Electrochemical

o . . S.No | Oxidizing agent Electrochemical oxidation
oxidation potential of various -
e potential, V
oxidizing agents
1 Fluorine -3.06
2 Hydroxyl radical —2.80
3 Oxygen (atomic) —2.42
4 Ozone —2.07
5 Hydrogen peroxide —1.78
6 Hypochlorite —1.49
7 Chlorine dioxide —1.26
8 Oxygen (molecular) —1.23
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Substitution reaction: In this reaction, one atom or functional group is replaced
with other groups. Ozone leads to cleavage of carbon—carbon bonds to generate
fragmented organic compounds via inserting oxygen atom between the ring carbon
and hydrogen atom [54].

The oxidation reaction using ozone is affected by various factors like pH, temper-
ature, total organic carbon, and chemical oxygen demand. It has been reported that
at acidic pH ozone reacts as intact O; molecule and the reaction is slow while at
alkaline pH the reaction is rapid due to decomposition of ozone into hydroxyl free
radicals. Thus, alkaline pH ranging from 8 to 10 is optimum for oxidation of organic
molecules by ozone [54].

4.3 Ozone (03)/Ultraviolet (UV)/Ultrasound

Combination of two or more AOPs may provide synergistic effects for oxidative
degradation by generating more hydroxyl radicals. The various combinations can be

e UV radiation 4+ Ozone
e UV radiation + Hydrogen Peroxide
e Ozone + Ultrasound energy + Photochemical/photocatalytic oxidation.

The efficacy of combined system will depend upon the extent of synergism,
number of generated hydroxyl radicals, and efficacy of contact between free radicals
and pollutant molecules [56].

Treatment of organic compounds with ozone does not provide complete oxidation
to CO, and H,0 in many cases. The intermediate remained in water after incomplete
oxidation may be same or more toxic that initial toxicant. Thus, combination of
O3 with UV is more effective in comparison to simple ozonation. Photons of UV
light activate ozone molecules, thus promote generation of hydroxyl radicals at a
quicker rate thus increasing the efficacy of oxidation reaction [57]. For efficient
ozone photolysis maximum radiation output of 254 nm from the UV lamp must be
used. While proposing a combination of ultrasound with O3, the operating frequency
should not be more than 500 kHz which plays as one of the significant factors [56].

4.4 Hydrogen Peroxide (H,0;)/Ultraviolet (UV) Radiation

Hydrogen peroxide alone is not effective for oxidation of organic toxicants at both
acidic and alkali pH [58], however, when H,O, is irradiated with UV radiations it
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forms two hydroxyl radicals 20H" that react with organic contaminants present in
textile effluent [59]. The combination of H,O, ; UV is also highly effective to the
scavenging effect of carbonate ions at alkaline pH. In the combination of H,O, with
UV radiation, the peroxide is activated by UV light. The extent of activation primarily
depends upon concentration of H,O,, strength of UV radiation, pH of medium, and
composition of dye. Acidic dyes are most easily decomposed by this system having
accumulative number of azo groups; however, it is not effective for degradation of
pigments [60]. This method has various advantages over other oxidation process and
the most important is no sludge formation at any stage of process.

The process is effective at acidic pH; however, at alkaline pH H, O, under UV radi-
ation oxidizes alkalis to produce oxygen and water rather in place of hydroxyl radi-
cals. Concentration of H,O, also largely affects the reaction. At high concentration,
it competes with the dye molecules for reaction with hydroxyl radicals and decreases
the rate of oxidation. In addition, at high concentration, OH' radicals dimerize to form
H,0,; [61]. Thus, it is essential to optimize concentration of H,O, to have maximum
efficacy of the reaction. The rate of dye degradation increases with the increase in
intensity of UV light [62]. It has been found that increasing the power intensity of
UV radiation from 18 to 54 W increased degradation efficiency from 90.69 to 100%
due to excessive generation of OH' [63].

Advantages of H,0,/UV process are as follows:

No Sludge formation

Reaction takes place at ambient temperature

Oxygen generated as by-product can be used for biological decay

Rate of reaction depends upon pH, concentration of H,O,, and intensity of UV
radiation.

4.5 Ozone/Ultraviolet/Hydrogen Peroxide

Among all AOPs, the combination of O3/UV/H,0, has been reported to be best
for the purification of dye wastewater including degradation of polyester fiber, and
degradation of dye molecules [64]. The addition of H,O, to O3/UV system enhances
the rate of OH' generation by promoting decomposition of ozone and acting as a
catalyst for the reaction [65]. In addition, at alkaline pH H,0, reacts with O3 to
produce OH, radical which dissociates O3 more effectively than OH'; however, at
acidic pH the reaction is slow. This method is termed as peroxone method. At alkaline
pH, H,O; itself dissociates into OH; ions which also initiate ozone decomposition
more effectively than OH™ ion [66].
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5 Advanced Techniques for the Degradation of Metallic
and Polymeric Compounds

5.1 Photocatalysis

The principle of photocatalyst lies in the generation of electron as reducing agents and
hole as oxidizing agents. The mode of action is described in Fig. 4. In photocatalysis,
the design of photocatalytic reactor is also very important in order to have effective
contact between the toxicants and photocatalyst and adequate absorption of photons.
Thus, for an ideal photoreactor it must have high specific surface area, high mass
transfer, and direct light irradiation of catalyst surface [67]. This process has various
advantages as (a) It completely oxidize organic pollutants to CO,, water and mineral
acids, (b) moderate temperature and pressure is needed, (c) no sludge is generated
thus free from sludge disposal problem.

Titanium dioxide (TiO,) is the most commonly used photocatalyst owing to its
high nontoxic nature, inertness towards biological and chemical reagents and high
photocatalytic activity [68]. Photocatalytic degradation of various organic substances
has been assessed using TiO, since the last six decades [69]. TiO; has been reported
to degrade wide range of pollutants including dyes, phenols, plasticizers, polychlo-
rinated biphenyls, surfactants, and dioxins [70]. The major challenge in using TiO,
as a photocatalyst is its bandgap width (3.2 eV), which allows absorption of wave-
lengths lower than 380 nm only, i.e., in UV region. Various techniques such as dye

E] e- scavengers
e Conduction Band Reactive Radicals
4

(OH 9 02_; HOz)

° Valence Band - UV Light

Fig. 4 Generation of free radicals in photocatalysis (1) With the help of UV light the electrons are
excited, (2) electrons excited from valence band to conduction band generating behind positively
charged holes (h*) which act as oxidizing agent, (3) electrons are quenched by scavengers to prevent
their combination with holes, and (4) electrons act as reducing agents and generate free radicals

‘.------'
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sensitization, modification of surface, and doping have been used by researchers to
enhance the activity of TiO, [71]. TiO, has been doped with copper, cobalt, molyb-
denum, and many other metals to increase its light absorption capacity to visible
region [72]. TiO, doped with zinc showed better photocatalytic activity and reduced
bandgap energy in visible light [73]. However using heavy metals for doping TiO,
may produce toxic intermediates and create heavy metal pollution [74].

TiO, photocatalytic systems can be used as either photoreactors or immobi-
lized on solid support system (Table 3). In photoreactors, the suspension system
is maintained for the reaction. In suspension system, the catalyst has to be separated
from treated wastewater and recycled before discharge which is a cost intensive
and time-taking process. In addition, absorptions of UV light by catalyst particles
limit its effective penetration to the desired depth thereby limiting complete oxida-
tion [75]. This problem can be addressed by using immobilized photocatalyst over
some suitable support system. However, immobilization of catalyst also decreases
the rate of reaction due to availability of reduced surface area of catalyst for reac-
tion. Researchers have studied degradation of Acid Blue 25 dye using immobilized
titania nano photocatalysis and reported lower generation of hydroxyl radicals with
increased concentration of dye [76]. At high concentration of dye, a smaller number
of photons hit the surface of catalyst resulting in decreased generation of hydroxyl
radicals [77]. Complete degradation of dye converts all carbon, nitrogen, and Sulfur
atoms to CO,, nitrate, and sulfate ions, respectively [78]. Immobilization of TiO,
on polymeric sheets is one of the efficient methods for the photocatalytic imple-
mentations at large scale owing to easy availability and handling, flexibility, cost
effective, and light weight of polymer [79]. The photocatalytic activity of TiO; is
largely affected by various cations, anions, and organic compounds as they can be
adsorbed over TiO; surface and decrease the activity [80, 81]. Photocatalytic degra-
dation technique cannot be implemented for field applications in treating large-scale
contaminated sites.

Table 3 Immobilization of TiO, onto various polymeric systems for the degradation of dyes

S.No | TiOy/polymeric system Degraded dye Reference

1 TiO, immobilized on a glass slide/polyallylamine | Dimethoate [82]
hydrochloride/polystyrene sulfonate system

2 TiOz/reduced graphene oxide/nylon-6 filter Methylene blue | [83]
membrane

3 TiO,/cotton fabric Rhodamine B [84]

4 TiO,/polydimethylsiloxane (PDMS)/ Methylene blue | [85]

5 TiOs/cellulose acetate Cytotoxin [86]

6 TiO;/sodium alginate/carboxymethyl cellulose/ Congo red [87]
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5.2 Metallic Nanoparticles

Metals play a very important role in removal of dyes from textile wastewater. One
of the areas is by using magnetic nanoparticle as adsorbents treatment [88]. In the
recent past, many researchers have used various magnetic materials for the removal
of dyes from wastewater [89]. Usually, applications of nanoparticles are limited
for the removal of anionic dyes due to similar charges both on dye and surface of
nanoparticle there for several modifications were done to change surface properties
of these particles (Table 4).

Jabbar et al. [93] synthesized cobalt aluminate (CoAl,O4) nanoparticles by pyrol-
ysis for the dissociation of Novacron Deep Night S-R dye in combination with UV
radiation. They reported that in the presence of H,O, the dye degraded 67% within
50 min. Several metal oxides have also been reported for the photocatalytic degra-
dation of organic dyes and pollutants [94]. Spinel oxides are stable semiconductors
which have sufficient band gap energies suitable for photocatalytic degradation of
organic dyes [95]. The catalytic efficiency of such metal oxides depends on their
specific surface area, morphology, crystallinity, particle size, and chemical compo-
sition [96]. Several routes of metal oxide preparation and their benefits are presented
in Fig. 5.

Oxidation process by using Zero Valent iron has added advantages as it involves
various pathways comprising of reduction and oxidation reactions which are specific
for the nature of pollutant and reaction conditions [97]. The generation of free radicals
occurs in three stages:

Fe’ + 0, + 2H" — Fe?* + H,0, (6)
Fe’ + H,0, + 2H" — Fe?t + 2H,0 (7)
Fe’t + H,0, - HO 4+ OH™ + Fe’" (8)

Nanotechnology is playing an imperative role in environmental remediation of
organic and inorganic pollutants since the last decade [98]. Several researchers have
reported efficacy of nano zero-valent iron towards degradation of organic textile

Table 4 Modified nanoparticles for the oxidative degradation of dyes

S. No Modified nanoparticles Dye Reference

1 Ammonium-functionalized silica | Methyl orange [90]
nanoparticle

2 Modified FezO4 magnetic Reactive red-120 and resorcinol [91]
nanoparticles

3 Surface modified zinc ferrite Direct red 23, Direct red 31 and [92]
nanoparticle Direct green 6
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Fig. 5 Various methods for the preparation of metal oxide along with their benefits and challenges

pollutants [99]. It has been observed that specific area of nano zero-valent iron is much
larger (29 m?/g) in comparison to bulk particles (0.2 m?/g) which improves the rate
of oxidation and degradation of organic pollutants [100]. The degradation of various
organic and inorganic pollutants by using nano zero-valent iron is summarized in
Fig. 6. In this process, pH of the reaction media, dose of nanoparticle, and initial
concentration of dye play a very important role in degradation process of organic
pollutants. If pH is alkaline, Fe?* ions and OH™ ions may precipitate as Fe (OH), on
the surface of zero-valent iron and occupying the reactive sites [101]. At alkaline pH,
the reducing pathway is prevalent which is less effective in comparison to oxidation
process. Aggregation of these particles is a major challenge in this process as due to
high surface area these particles are highly reactive and aggregate at the faster rate.
These particles get oxidized and aggregated in the presence of atmospheric air thus
are highly unstable [102].

Various solid supports can be used to prevent aggregation of nano zero-valent
iron and increase their efficiency for dye degradation (Fig. 7). The solid support
system maintains nanoparticles in dispersed phase, protects them from air oxidation,
and increases contact area, however, reduced their activity towards degradation of
textile dyes. Few supports such as biochar, kaolin and rectorite, rather than degrading
the pollutants simply adsorb them and transfer them to the surrounding environ-
ment. Hence, degradation or oxidation of pollutants is recommended instead of their
adsorption.

Incorporation of heavy metals as a support system for the synthesis of nanopar-
ticles may further introduce these toxic substances to the environment. Thus,
researchers proposed the synthesis of nano zero-valent iron using various green
support materials such as extracts of green tea, eucalyptus leaf, grape leaf, and other
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tree leaf extracts. These extracts provide stabilization to nanoparticles and enhance
their efficacy as well for the degradation of textile dyes and other organic pollutants
[103]. Zhang et al. [104] reported removal of Pb(iI) by using nano zero-valent iron
supported over kaolin while Ali et al. [105] synthesized nano zero-valent iron using
porous cation exchange resin as a solid support reported the efficacy for the reduction
of Cr(v1) to Cr(Im) in aqueous solution.

The process of pollutant degradation is based on reducing nature of these particles.
Nano zero-valent iron particles are potential reducing agent (electron donors) while
organic dye molecules are brilliant oxidizing agent (electron acceptors). Therefore,
they reduce Fe?* ions, and generate hydroxyl ions which further dissociate chro-
mophore bond and auxochrome bond thereby decolorize the dye molecule. The
intermediates on complete mineralization produce CO,, H,O, and inorganic ions.
The efficiency and reactivity of nanoparticles can be improved, by integrating with
other treatments such as irradiation with microwave, UV, or ultrasonic irradiation and
using H, O, oxidation [106]. Partial removal (up to 55%) of organic pollutants using
nano zero-valent iron has been reported, however, by using additional oxidizing
agent H,O, and integration of UV technique the removal increases up to 90.0%
[107]. Mao et al. [106] reported decolorization of reactive yellow and solvent blue
dyes up to 60.0% and 94.0%, respectively, in only 5 min using nano iron along with
microwave radiations. Studies are being conducted using scrap zero-valent iron as
well for the treatment of wastewater as a method to propose reutilization of by-
product from machinery industries [108]. These methods are one of the promising
and cost-effective way for treating textile wastewater.

5.3 Natural and Modified Polymers

Natural polymers plant or animal-based serves as an efficient method for treating
textile wastewater and dye removal. Removal of organic and inorganic pollutants
using natural adsorbents is considered to be economic, and sustainable alternative
over other physical and chemical processes [109]. Biosorption is a passive process in
which metal ions present in the textile wastewater interact with the functional groups
on biological material’s surface. This process ensures various advantages such as
cost effectiveness, reduced sludge generation, easy regeneration of adsorbent, and
higher removal capacity [110]. The specific chemical structure and composition of
the polymer play a significant role towards effective removal of dyes from textile
wastewater. Natural polymers are synthesized from various plant sources which then
further subjected to chemical and physical treatment to give modified natural polymer
with enhanced efficacy for the removal of textile dyes (Fig. 8).

The natural polymers contain various anionic groups such as hydroxyl (OH™),
phosphate (PO,7), and carboxyl (COO™). These groups show affinity towards
cationic dye molecules present in wastewater by using electrostatic force of attrac-
tion [111]. Usually, these polymers are effective in acidic environment, however,
removal of methylene blue dye is reported in alkaline conditions (pH-8) as well
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[112]. Seeds of nirmali show excellent binding properties for dye molecules due to
the presence of OH™ groups along with galactomannan and the galactan molecular
chains. Polymers differ in molecular weights based on their molecular structure.
High molecular weight polymers carryout removal of organic dye molecules more
effectively due to charge neutralization, bridging, and electrostatic attraction. Chem-
ical modifications have been done in cellulose with sulfur-bearing functional groups
such as thiols, dithiocarbamates, dithiophosphates, and xanthates for metal bonding
as these groups have higher affinities for heavy metals ions and least affinities for
other light metals [113]. Xanthates offer high stability with heavy metal ions, in
addition they are easily prepared and cost effective as well. The sludge formed using
xanthate metal complexes is easy to settle down thereby can be disposed of with
minimal efforts. On the other hand, the precipitates as metal hydroxide may release
metals ions into the environment thus, they need to be treated before disposal and
can be pretreated using solidification or stabilization [114].

In recent years researchers have focused on the extraction of microbial polymers
owing to their low cost and easy processing. The microbes which have been used
are Pseudomonas pseudoalcaligenes, Pseudomonas plecoglossicida, and Staphylo-
coccus aureus. These polymers have been effectively used for those dyes which
are resistant towards decolorization due to their acidic nature such as fawn dyes,
mediblue, mixed dyes, and whale dyes [115].
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5.4 Nanocomposites

Metal oxide nanoparticles and nanocomposites show excellent adsorption properties
for heavy metal ions present in textile effluent [116]. Magnesium-based nanoparti-
cles with different morphologies have been used for the removal of various heavy
metal ions and organic pollutants. The mechanism of adsorption using Mg-based
nanoparticles includes electrostatic attraction and surface complexation between the
dye molecule and hydroxyl groups which are present at the surface of the adsorbent.
These nanoparticles carry out oxidative degradation of organic molecules by breaking
down P-S or P-O bond of organophosphates and other organic dye molecules [117].
Magnesium oxide (MgO) embedded fiber-based substrate have been used success-
fully as an adsorbent for the removal of toxic dyes from textile water [118]. MgO
nanoparticles in combination with carbon nanofibers have been used as a significant
adsorbent for the removal of heavy metal ions from textile effluent [118]. Adsorp-
tion of cadmium (Cd**) ions have been studied using polyacrylonitrile-based carbon
nanofibers using MgO as adsorbent [119]. Reinforcement of MgO nanoparticles
increases the adsorption capacity of carbon nanofibers. Hybrid nanofibers of MgO
with polypropylene glycol have been also prepared for the removal of heavy metals
[120]. These nanofibers had specific surface area of 185 m?/g and found to be effective
for the removal of Pb, Cu, and Cd at pH of 7.5. In addition, regeneration experiments
showed that efficacy remained high even after seven cycles.

5.5 Graphene and Its Composites

Graphene is a covalently bonded two-dimensional lattice having specific properties.
Graphene is oxidized to form graphene oxide which can be further chemically modi-
fied to have several functional groups such as epoxies, carboxyl, and hydroxyl [121].
Presence of such functional groups increases negative charge on graphene oxide
surface and helps to interact with dye molecules through H-bonding. Graphene oxide
due to its conjugated structure has been studied as a potent option for the adsorption
of dye molecules from textile effluent [122].

Recently, many researchers have given much consideration to the polymeric mate-
rials to be used as nano-adsorbents. The polymers such as polyaniline, polystyrene,
and polypyrrole can be coated over the surface of nanoparticles to enhance their
photoelectrical properties environmental suitability. Polymeric nanocomposites of
graphene have been reported to be effective for the degradation of inorganic pollu-
tants and organic dye molecules [123]. Noreen et al. [124] synthesized a range of
nanocomposites of graphene oxide with polyaniline, polypyrrole, and polystyrene
to achieve a higher removal rate of Actacid orange-RL dye. Composite of graphene
oxide with polyaniline has been reported as potential adsorbent for the removal of
Hg?* ion and dye removal owing to its loose porous structure [125]. However, the
applications of these nanocomposites are limited for the removal of heavy metals



208 M. Bansal

due to their expensive and complex synthesis and troublesome recycling [126]. In
addition, graphene oxide due to its high clustering tendency is less effective in the
adsorption process [127]. Thus, a sustainable adsorbent should be cost effective,
show high adsorption efficacy, ease of separation and high reusability.

Natural polysaccharide, Chitosan has also been used to improve mechanical
strength and adsorption ability of nanocomposites. The free -NH, group in chitosan
reacts with other metal/nonmetal oxides and provides chemical stability [128].
The —COOH group in graphene oxide easily interact with highly reactive -NH,
group of chitosan to give a stable nanocomposite with improved adsorption capacity
[129]. Combination of biopolymer chitosan with graphene oxide enhances thermal
and mechanical stability, improves hydrophilic property of composite, and reduces
entangling tendency during separation [130].

Poly vinyl alcohol (PVA) is a biodegradable polymer, with hydrophilic nature
and high fiber-forming ability. It can easily cross-link with graphene oxide/chitosan
nanocomposite to improve its adsorption efficacy for dye removal [131, 132]. The
separation of graphene oxide/chitosan—PVA biopolymer from treated water is very
simple and can be completed with limited technology. Das et al. [133] studied effec-
tive removal of Congo red dye using this nano-polymer composite. Under acidic
condition, the amino group (-NH,) in chitosan get protonated and then ionized
further to ammonium ion thereby increasing swelling properties of GO/Chitosan—
PVA polymer resulting in increased weight of polymer [133]. However, at high pH
swelling decreased due to deprotonation. At high concentration of dye, removal effi-
ciency decreases due to competitive adsorption on active sites of adsorbent [134].
At low pH due to increased ionization, electrostatic attraction between negatively
charged dye molecules and positively charged polymer molecules increases which
accelerates adsorption of dye molecules [135].

5.6 Waste Textile Fiber Copolymer

The prime component of textile industry is fiber, either natural or synthetic which
can be converted to branched copolymer by free radical or ionic polymerization of
chemical groups. The cellulose molecules in textile fiber show strong interaction
with adjacent molecules due to the presence of —OH and develop hydrophilicity,
degradability, and absorption ability [136]. Conversion of waste textile into adsorbent
material is a novel approach which can be achieved via two ways (a) incorporation
of metal-binding groups to the fiber backbone (b) Graft copolymerization (Fig. 9).
Incorporation of metal-binding functionalities into textile fiber produces heavy
metal adsorbents [137]. In order to form branched copolymer, the monomers are
grafted to fiber backbone [138]. Heating at specific temperature enhances the rate
of graft copolymerization thus, among available heating processes the microwave
heating is considered as effective and reliable method. Zhou et al. [139] used both
microwave and UV radiation and converted waste textiles fiber to an adsorbent by
grafting acrylic acid. Cerium(Iv) ammonium nitrate was selected as free radical
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Fig. 9 Various methods for the conversion of waste textile material to copolymer

initiator and adsorption was carried out at high pH. Under acidic conditions, H* ions
compete with metal ions for the adsorption and decrease the efficiency of process
[140]. However, at alkaline pH deprotonation takes place and the surface of waste
textile fiber becomes negative, which further enhances adsorption of cationic species.
[141], prepared graft copolymer of textiles waste by the reaction with poly-acrylic
acid by the process of free radical polymerization. The chelating properties were
developed by the reaction polymer with diamine solution. They studied the removal
of Pb(11) and Cr(VI) ions and reported removal as 11.81 mg/g and 2.19 mg/g, respec-
tively. The advantage of such polymers is they can be easily regenerated and adsorbed
metals can be recovered by elution.

6 Conclusion

Enormous number of toxicants have been generated and released into the environ-
ment due to insufficient treatment techniques adopted for the treatment of textile
wastewater. The challenge is to design a process which is cost effective, easy to
operate, less time consuming and able to degrade a wide range of pollutants ranging
from nano to polymer and inorganic to organic level. Advanced oxidation process
using potent oxidants and high energy radiations either alone or in combination is
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one of the promising methods. In addition, due to the advancement of nanotech-
nology, the incorporation of nanoparticle and nanocomposites have provided signif-
icant solutions to this problem. Various modified polymers of natural and synthetic
origin provide high removal efficacy of pollutants. However, it can be proposed that
the best design for textile wastewater treatment can be a hybrid technology which
utilizes principles of advanced oxidation process and materials ranging from metallic
nanoparticles to polymers.

Acknowledgements Author thanks Prof. (Dr.) I. K. Bhat Vice chancellor Manav Rachna University
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